Background. Information on the risks of herpes zoster (zoster) preceding a cancer diagnosis and the role of cancer treatment on risk is limited.
Department of Human Services (formerly Medicare Australia) enrollment database, which covers all citizens and permanent residents as well as some temporary residents and refugees. At recruitment, participants were required to complete a self-administered postal questionnaire that included information on sociodemographic, lifestyle, and health-related information. All participants consented to long-term follow up and linkage of their information to other healthcare-related administrative databases. The cohort includes approximately one-tenth of all residents in NSW in the eligible age range. Detailed information on this cohort has been published elsewhere [17] .
For this study, participants' survey data was probabilistically linked to the NSW Admitted Patient Data Collection (APDC) and Registry of Births, Deaths and Marriages (RBDM) by the Centre for Health Record Linkage (http://www.cherel.org.au/), with a false-positive rate around 5 per 1000 [18] , and deterministically linked to the Medicare Benefits Schedule (MBS) and Pharmaceutical Benefits Scheme (PBS) by the Sax Institute (https://www.saxinstitute.org.au/), using a unique identifier provided by the Department of Human Services.
The APDC database records all hospitalizations in NSW including information on the date of admission, date of procedure, and the principal diagnosis and principal procedure undertaken during hospitalization, as well as up to 49 secondary diagnoses and procedures at each admission [19] . All diagnoses are coded according to the International Classification of Diseases, Tenth Revision, Australian Modification (ICD-10-AM) [20] and procedures are coded according to the Australian Classification of Health Interventions [21] . The national MBS database records all subsidized medical care and diagnostic services under the MBS and the date of service [22] . The national PBS database records all medications prescribed and dispensed under the PBS according to PBS item codes and the Anatomical Therapeutic Chemical (ATC) Classification System [23] , as well as the date of dispensing [24] . The RBDM records the date of all births, deaths, and marriages in NSW residents [25] . Complete records for study participants from the APDC, MBS, PBS, and RBDM were available up to 31 December 2015.
All participants provided informed consent to be included in the study. Ethical approval for the 45 and Up Study was provided by the University of New South Wales Human Research Ethics Committee (number 10186), and this linkage study was approved by the NSW Population and Health Services Research Ethics Committee (HREC/10/CIPHS/97).
Study Definitions
Participants were classified as having an episode of zoster if they had a record of either a specific antiviral medication for treatment of zoster in the PBS database (PBS item codes 1052J, 8002E, 8064K, 8897G) or a hospitalization record with ICD-10-AM code B02 in either the principal or secondary diagnosis field in the APDC database. This method of zoster case ascertainment has been shown to provide similar estimates of disease incidence to other sources of case ascertainment [7, 26] .
Participants were classified as having a cancer diagnosis if they had a hospitalization record with an ICD-10-AM code for cancer in the principal diagnosis field in the APDC database. All cancer codes (C00-C43, C45-C97) except nonmelanoma skin cancer (C44) were included. This method of cancer ascertainment has been demonstrated to be reliable in other studies [27, 28] .
Cancer treatments were classified into chemotherapy and radiotherapy. We did not aim to examine the effect of surgical treatment. Receipt of chemotherapy was defined as participants who had records with either chemotherapy procedures in the APDC, or cytotoxic chemotherapy in the MBS, or a record of antineoplastic agents (ATC code L01) in the PBS recorded at a date on or following the date of cancer diagnosis. Receipt of radiotherapy was defined as participants who had records of either radiotherapy procedures in the APDC or radiotherapy treatment in the MBS. Details of specific codes used for chemotherapy and radiotherapy are shown in Appendix 1. Using these records for ascertaining chemotherapy and radiotherapy has been shown to have high specificity, although sensitivity is low [29] .
Potential covariates including sociodemographic, behavioral, and health-related factors were derived from the 45 and Up Study recruitment questionnaire and were based on purported risk factors for zoster from earlier studies [7, 30] : annual household pretax income in Australian dollars; marital status; area of residence; private health insurance; smoking status; ever attending breast, prostate, or bowel cancer screening programs; use of supplements; self-reported history of doctor-diagnosed cardiac disease/stroke or asthma/hay fever; and level of physical limitation based on the Medical Outcomes Study-Physical Functioning Score [31] .
Analysis
Participants were excluded if they met the following criteria: (1) holding a Department of Veterans Affairs card as they can receive zoster treatment through an alternate scheme to the PBS (n = 6299); (2) <45 years old at baseline (n = 7); or (3) had a record of either a zoster diagnosis (n = 5917) or a cancer diagnosis prior to their recruitment date (n = 14 420). Personyears of follow-up was calculated from study recruitment date to the first diagnosis of zoster, death, or 31 December 2015, whichever came first.
Cox proportional hazards models were used to estimate hazard ratios (HRs) for the association between a cancer diagnosis, cancer treatment, and zoster risk, adjusting for age, sex, and other factors that were significantly associated with zoster in the models. For all adjusted factors, missing data were included in the model as a separate group. Follow-up time was split into months, and age, cancer diagnosis, and cancer treatment were treated as time-varying covariates in analyses. At the start of follow-up, all participants were initially classified as having no cancer and then contributed person-time to the categories of cancer and cancer with chemotherapy and/or with radiotherapy from the date of the first linked record of any of these events. A cancer diagnosis was considered at 3 levels: (1) any cancer; (2) solid organ or hematological cancers; and (3) specific solid organ cancers or hematological cancers. When examining the association between specific cancers and zoster, we used competing risks [32] . Unless otherwise specified, the reference group for all analyses was person-time without cancer.
Risk of zoster according to the time since cancer diagnosis (<1, 1 to <2, 2 to <3, and ≥3 years) was examined. Moreover, as herpes zoster has been reported as an indicator of occult cancer [33, 34] , we also examined zoster risk in the years prior to the cancer diagnosis (<1, 1 to <2, and ≥2 years). Only for these analyses, the reference group was participants without cancer from baseline to the end of follow-up.
Sensitivity analyses were undertaken excluding any cases who had ≥3 prescriptions for antiviral medications in 1 year, as antiviral prophylaxis for at least 6-12 months (sequential prescriptions) is recommended for use in patients after stem cell transplantation [13] , and thus the use of antiviral medication may not be indicative of a zoster event in these cases.
Analysis was undertaken using Stata version 14.1 software (StataCorp, College Station, Texas).
RESULTS
A total of 241 497 participants were included in analyses. At recruitment, the mean age was 62.0 (standard deviation, 10.9) years, and 54.5% were female. During 1 760 481 person-years (PY) of follow-up, 16 350 (6.8%) participants had a first incident zoster event (9.3 per 1000 PY) and 20 286 (8.4%) participants had a new cancer diagnosis (11.5 per 1000 PY). Table 1 describes the participants who had a diagnosis of zoster or cancer during follow-up according to various characteristics measured at recruitment. Multivariable regression analyses examining characteristics associated with incident zoster showed significant associations between zoster and these factors.
The HRs of incident zoster in relation to cancer type are shown in Figure 1 . The age-and sex-adjusted HR for zoster following a cancer diagnosis compared to those without cancer was 1 As the majority of those with hematological cancer would be expected to receive chemotherapy, we focused our analyses of treatment on solid organ cancers. Of participants with a solid organ cancer, 23.4% (4453) had a record of chemotherapy receipt, 28.3% (5374) had a record of radiotherapy receipt, 11.2% (2127) had records of receiving both, and 59.5% (11 307) had records for receipt of neither (Appendix 3). Of participants who received either chemotherapy or radiotherapy, the median time to first receipt of either chemotherapy or radiotherapy following cancer diagnosis was 1.8 and 2.7 months, respectively.
Compared to those without cancer, the risk of zoster among those with solid organ cancer receiving chemotherapy (with or without radiotherapy) was an aHR of 1.83 (95% CI, 1.60-2.09), whereas the risk for solid organ cancer patients without a record of chemotherapy was significantly lower (aHR, 1.16 [95% CI, 1.06-1.26]; P value for heterogeneity <.001). When we subdivided those with chemotherapy according to the receipt of radiotherapy (Figure 3; Appendix 4 Figure 4 shows the incidence of zoster in the cohort by cancer diagnosis and treatment, adjusted for age, sex, and other factors. Among individuals without cancer, the incidence of zoster was 9.1 per 1000 PY. This compares to 34.0, 16.6, and 10.6 per 1000 PY, respectively, in the first year following a diagnosis with hematological cancer, solid organ cancer with chemotherapy, and solid organ cancer without a chemotherapy record.
In the sensitivity analyses there were 163 zoster cases (1.0% of the total) where there were at least 3 records of antiviral medications provided in a 1-year period. When we excluded these potentially misclassified cases from our analyses, it made no material difference to our results.
DISCUSSION
In this analysis of data from 240 000 older adults with over 8 years of follow-up, we found that a diagnosis of cancer was associated with about a 40% higher risk of developing zoster compared to those without cancer. The risk was substantially greater among those with hematological cancers compared to those with solid organ cancers. For both types of cancer, risks were highest in the first year following diagnosis, decreasing thereafter. The zoster risk in those with solid cancers became similar to that in those without cancer within the 3 years after diagnosis, and it remained significantly elevated in those with hematological cancers up to 3 years after diagnosis. Importantly, we also found that among those with solid organ cancers, the risk of zoster was substantially higher among those receiving chemotherapy compared to those not receiving chemotherapy, and among those with hematological cancers, there appeared to be an increased risk of zoster in the 2 years prior to the cancer diagnosis.
The findings from our study build on earlier reports regarding the risks of zoster related to a cancer diagnosis and cancer treatment. Our findings regarding the magnitude of zoster risk following hematological and solid organ cancers are consistent with a UK study of >190 000 cancer cases and 730 000 controls, which estimated odds ratios for zoster of 2.46 (95% CI, 2.33-2.60) and 1.19 (95% CI, 1.17-1.22), respectively [3] . This study also reported that for most types of cancers, the risks of zoster decreased with time since diagnosis; however, the study lacked information on cancer treatment and therefore could not estimates risks associated with chemotherapy or radiotherapy [3] .
Studies of zoster risk following treatment in cancer patients have focused primarily on hematopoietic stem cell transplant (HSCT) or specific chemotherapeutic agents [35] [36] [37] . These studies report zoster events in cancer patients but they include only patients with hematological cancers and do not enable comparisons of risk to be made to those with solid organ cancers or to the general population without cancer. For example, an earlier report from the United States found that the risk of zoster among cancer patients with chemotherapy was more than double that of cancer patients without [4] . However, this study only included cancer patients and lacked a representative control group without cancer; therefore the zoster risks could only be compared to the general population using age and sex standardization. It is well known that T-cell-mediated immunity plays an important role in maintaining latent VZV in a subclinical state . Incidence rate* of herpes zoster according to cancer and treatment. *Adjusted for age, sex, income, residence, marital status, private health insurance, smoking, cancer screening, supplement use, heart disease/stroke, asthma/hay fever, and physical limitations. For those with cancer, incidence rates refer to adjusted incidence rates in the first year following a cancer diagnosis.
in neural ganglia [38] . Previous reports suggest possible mechanisms for the association between cancer and zoster could be immune dysfunction caused by the cancer itself, the treatment that cancer patients receive, or a combination of both [3, 4] . Our results suggest that for those with solid organ cancers, the association of cancer with an increased risk of zoster is primarily explained by chemotherapy treatment. For those with hematological cancers, the risks of zoster are substantially higher than for solid organ cancers, but trying to disentangle the contribution of treatment from the hematological cancer itself is more difficult as the majority of those with hematological cancer would receive chemotherapy during the course of their illness. However, we found that among those with hematological cancer, the risk of zoster was elevated in the 2 years prior to their diagnosis (albeit not as high as after the diagnosis), presumably before they received treatment. This finding suggests that the immune dysfunction from the hematological cancer itself can lead to zoster activation, although we also observed a substantial rise in risk after diagnosis (Figure 2 ), supporting a major role for subsequent treatment in further increasing the risk.
The strengths of our study include the population-based prospective study design with a long follow-up period, large sample size, independent ascertainment of zoster records from those of cancer and treatment, and the ability to report the absolute rates of zoster following cancer diagnoses in different clinical groups. The latter is considered of particular relevance for interventions such as vaccination or prophylactic antiviral use that require estimates of absolute risk to support cost-effectiveness assessments. Our study included individuals with and without cancer, including participants with a range of cancer types. The longitudinal design and use of incident solid and hematological cancer diagnoses as the main exposure allowed examination of zoster risk before and after a diagnosis. This has not, to our knowledge, been done before and provides insights of etiological, clinical, and preventive relevance.
Limitations include the fact that information on the stage of cancer was not available in our study. It is possible that later stages of certain solid organ cancers may be associated with greater levels of immunosuppression from the cancer itself and that the stage of a solid organ cancer would also be correlated with the likelihood of receiving chemotherapy. However, an earlier study with information on cancer stage suggested that there is no significant difference in zoster risk comparing cancer patients with localized, regional, and distantly spread cancers [4] .
Validation studies have demonstrated that although our ascertainment of chemotherapy and radiotherapy has high specificity (96%), sensitivity is low (30%-36%) [29] ; thus, a proportion of those classified as having no record of chemotherapy or radiotherapy may have actually had it. This is reflected in the low proportion of patients in our study with hematological cancers with a record of chemotherapy (49.3%; Appendix 3). However, for our analyses, the reference group was those without cancer, so it is likely that the relative risk estimates for those classified with a solid organ cancer and chemotherapy would not be affected by this misclassification. However, this misclassification may explain why the point estimate for those with solid organ cancer but no chemotherapy was slightly elevated. Incident cancer in this study was ascertained using hospital admission records. This has been shown to be accurate in cancers such as breast, colorectal, and lung, compared with cancer registrations [28, 29] . Although most cancers require either day-case or overnight hospitalization for diagnosis or therapy such as surgery, chemotherapy, radiotherapy, and palliative care-captured by our study-individuals with indolent cancers may not be hospitalized [39] . Finally, we may have missed capturing all zoster cases [26] , particularly milder ones, as we defined the outcome based on hospitalization and/or specific antiviral medication records. This could potentially bias our results if, for example, those with cancer were more likely to be diagnosed with zoster or to have severe zoster requiring hospitalization or antiviral treatment than those without. However our outcome is more likely to capture more severe cases, which is important from the perspective of prevention.
Clinical guidelines recommend that antiviral medications should be considered for preventing zoster in patients after HSCT and for patients with hematological cancer receiving specific therapies such as fludarabine and alemtuzumab, but recommendations are less clear for solid organ cancer patients undergoing conventional chemotherapy [12, 13] . A live attenuated herpes zoster vaccine has been available worldwide for more than a decade but is not indicated for use in immunocompromised people, such as those with cancer. In this study, we estimated that, in the year following a hematological cancer diagnosis, the annual incidence of zoster was considerable, at 3.4% (34 per 1000 PY), and 1.7% (17 per 1000 PY) in those with solid organ cancers receiving chemotherapy. While this is lower than the estimated annual attack rate of symptomatic seasonal influenza among unvaccinated adults aged >65 years (7.2%) who are targeted for influenza vaccination [40] , the risks are still substantial and morbidity is high. Furthermore, as immunocompromised patients usually experience more severe complications of zoster [41] , cancer patients, especially those receiving chemotherapy, may not only have higher risk of zoster but also more complications. Given that a new recombinant vaccine for herpes zoster (HZ/su vaccine) has been reported to be safe and immunogenic in those with human immunodeficiency virus and in autologous HSCT recipients in phase 1/2 trials [14, 15] , and another non-live vaccine to prevent zoster is being developed that is safe and efficacious in immunocompromised patients [42] , zoster vaccination now holds promise as a preventive strategy considered for cancer patients, particularly those expected to receive chemotherapy.
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